Photorefractive gratings are generated in a BSO crystal by the interference of two 25-psec pulses at 532 nm. The grating is analyzed by diffraction of a third pulse or a weak cw argon laser, which permits a continuous monitoring of its evolution from picoseconds to milliseconds. The grating builds up in two steps; their relative contributions vary strongly with fluence. This behavior is explained by means of a band transport model with shallow traps. Values of mobility, lifetimes, and diffusion lengths of carriers are derived and compared with those obtained in experiments conducted with low-power lasers; the values show a striking continuity from cw to picosecond regimes.
INTRODUCTION
The photorefractive effect, identified in many insulating and semiconductor crystals, has permitted the demonstration of a wide variety of operations in the fields of phase conjugation, dynamic interconnections, and optical signal processing. 13 This nonlinear effect results from a light-induced charge redistribution in the material, which generates a space-charge electric field, which, in turn, modulates the crystal refractive index through the electrooptic effect. As a consequence, the photorefractive effect is inherently sensitive to the absorbed optical energy, permitting efficient recording of phase gratings by the interference of low-power, quasi-continuous light beams. However, to first order the time required for recording a grating of a given strength will vary as the inverse of the light power. Obviously this time-power relationship will break down at high powers when the buildup time approaches the material characteristic times, i.e., the charge recombination and diffusion times. Various experiments have already been conducted in different insulating crystals (LiNbO3, 4 BSO, 5 -5 BaTiO 3 , 9 "" SBN") with either nanosecond or picosecond pulses.
Our main interest is in sillenite crystals, such as Bi, 2 (Si,Ge,Ti)0 2 0 because of their high sensitivity. In this paper we investigate the photorefractive effect generated by two interfering 25-psec pulses. The grating time evolution is continuously analyzed from a few picoseconds to a tenth of a millisecond. Section 2 briefly presents the experimental time analysis from a few picoseconds to a few nanoseconds, when the grating evolution is probed by a third 25-psec pulse. In Section 3 we investigate the grating formation from 1 nsec to 0.1 msec by probing with a low-power quasi-continuous argon laser. The photorefractive grating builds up after illumination in two steps. The relative magnitudes of the fast (nanosecond) and slow (microsecond) contributions vary strongly with fluence. This behavior, together with the photocurrent time evolution is explained by means of a band-transport model with shallow traps. Numerical values of mobility, recombination time, and diffusion length of photoexcited charge carriers are derived. We then address, in Section 4, the question of the relationship between parameters determined in either picosecond or quasi-continuous photorefractive experiments. We show that there is total continuity from quasi-continuous to picosecond regimes in sillenite crystals.
PRELIMINARY RESULTS
We previously predicted and experimentally demonstrated that photorefractive gratings in BSO crystals grow and develop after illumination by a picosecond interference pattern. 8 Our analysis is based on the consideration of the ratio of the diffusion time Td to the recombination time TR of the charge carriers. From the band-transport model, one obtains
where L is the diffusion length of the photoexcited charge carriers and A is the spacing of the grating induced by the interference of two coherent light beams. We previously carried out measurements of L in various sillenite crystals.' 2 The measurements indicated that d can easily be made smaller than TR by a correct choice of A. Under these conditions a sinusoidal illumination of the crystal by two interfering pulses when duration TL is much shorter than TR and TD leads to a spatial distribution of charges in both free carriers and deep traps. Because diffusion is much faster than recombination, after illumination an efficient photorefractive effect builds as the modulation of the carrier distribution is washed out, leaving only the ion grating and the subsequent space-charge field. A steadystate regime is reached when the diffusion process is Time (nsec) Fig. 1 . Phase-conjugate signal versus dela probe beams.
balanced by the drift of the carriers i] charge field.
An experimental demonstration wa a degenerate four-wave mixing sch duration pulses. The temporal evoli was analyzed by time delaying the pulse. Figure 1 presents a typical phase-conjugate signal, which is propo of the grating strength, as a functioi sharp peak at zero delay corresponds free-carrier nonlinearity. tracted by using a Pockels cell and After frequency doubling, the ave 25 psec and its energy is 1 mJ. The I as a single shot or at a repetition ra 10 Hz. The crystal absorption at war isa = 2.5cm-'.
A. Photocurrent Analysis
The photocurrent generated by uniform illumination of the crystal by a single picosecond pulse is studied by applying a constant voltage V = 2 kV to silver-painted electrodes on the (110) faces of the crystal and by observing the voltage drop on the 50-4 impedance of a fast oscilloscope with a coupled digitizing camera system (500 MHz, Tektronix Inc.). Figure 2 shows the time evolution of the photocurrent generated by a 25-psec pulse. One sees a nonexponential decay with two quite different regimes, one in the nanosecond range, the other in the submilli-4 5 f ; second range. Multiexponential decay of the photocur-4 5 6 rent can be accounted for by considering multiple trapping centers. 131 4 y between writing and Measurements of the fast decay time (Fig. 2) give x+ 4 nsec. In early experiments with light pulses of 10-nsec duration, 6 we saw this fast decay process but could not resolve T+. For a pulse fluence E = 12 mJ cm-2 , the i the induced spacepeak value of the photovoltage is v = 370 mV If we assume a quantum efficiency 1 5 6 Time (nsec) Fig. 2 . Kinetics of photocurrent generated by a 25-psec pulse. later time. Indeed, at the beginning of the slow decay when the charge density is reduced by 50 only, 'di 12.5 jusec, which is of the same order or even shorter than the observed photocurrent decay times. To alleviate this problem, we carried out a photocurrent measurement at an extremely low fluence to strongly enlarge the dielectric relaxation time. However, for observation of this weak photocurrent a large-load resistor is required. The reduced frequency bandwith permits measurement of the slow time constant only. One obtains 'T 300 sec. This is close to the value of 500 Ausec that we measured in low-power quasi-continuous experiments with flooding beams providing uniform crystal illumination.' 2 As we will see in the following, for our crystal the consideration of a single level of shallow traps and a single level of deep traps (Fig. 3) will give a correct description of the experimental behavior that shows two well-separated regimes, each approximated by a monoexponential decay of time constants '+ = 4 nsec and 'T = 500 sec.
The mathematical analysis of the time evolution of the carriers generated by a picosecond pulse is given in Appendix A. We find that after illumination ends the evolution of the carrier density no is described by 2 n+ (-+ ) 1a
In this equation, Tex is a characteristic time describing thermal emission from shallow traps and TR 1 and TR 2 are the recombination times on shallow and deep traps, respectively.
Experimentally, we first observe that the time evolution of the fast component of the photocurrent does not change with incident energy. This indicates a negligible modification of the neutral shallow trap density, allowing us to consider 'RT to be a constant. Second, we obtain a peak charge density (no 2.5 x 1014 cm-3 ) that is smaller than the density of deep traps ionized in the dark (NA 1016 cm-3, Ref. 12). Parameter RT 2 can also be taken to be constant. Third, we measure T+ << 'T.
Fourth, photocurrent experiments conducted on intentionally doped samples revealed that an increase of shallow traps increases 'T and reduces T." Time TR 2 is the actual recombination time on deep levels in BSO, independent of the presence of shallow traps.
B. Photorefractive Grating Analysis

Time Evolution
Because of experimental limitations on the delay line, four-wave mixing with three picosecond pulses does not permit a study of the grating evolution over long durations. In our previous experiments only the first few nanoseconds were analyzed. 8 To achieve a detailed investigation of the photorefractive grating behavior over a large time interval, we replace the reading pulse beam by a continuous argon-laser beam. This beam is diffracted under Bragg conditions by the grating that is generated by the two interfering picosecond pulses (Fig. 4) . The diffracted signal is detected on photomultiplier D1 (rise time <2 nsec) and simultaneously recorded on the 500-MHz fast oscilloscope and on a slower one (20 MHz, Gould Inc.).
In our experiments we always analyze the time evolution of a single grating, that is, a grating generated from the interference pattern of two picosecond pulses, even when the laser is operating at a repetition rate of 10 Hz. For this analysis we set the power of the reading argon laser so that the grating decay time is approximately 1-10 msec. A reference beam is extracted by beam splitter S1 and received by photodiode D2. When the output signal is in a predefined energy window, the data from the photomultiplier are acquired and stored in the two oscilloscopes. Results are averaged on 64 shots that have nearly the same energy. The two interfering pulses are derived by means of beam splitter S2 and are recombined to produce an interference pattern with modulation index m = 0.5 and spacing A = 8 Aum. A delay line on one of the beam paths permits the equalization of the optical paths. This is checked by monitoring the second-harmonic energy produced by an angle-matched KDP crystal. Figure 5 shows a typical diffracted signal received on the fast oscilloscope. The average fluence in the crystal is E = 2.6 mJ cmA2. The signal rise time is -7 nsec, confirming that seen in previous experiments.' 8 Figure 6 shows the evolution of the diffracted signal analyzed on a much longer time scale and its evolution with the pulse fluence. One easily sees a second contribution to the grating buildup, the time constant of which varies from 3 ,sec to less than 1 ,sec, depending on the energy. The relative magnitudes of the fast and slow contributions to the grating strength vary strongly with energy. At low fluence, E = 0.4 mJ cm-2 ( Fig. 6a) , the fast process makes only a small contribution to the total photorefractive grating strength. As the incident energy increases, this process participates to a greater and greater extent (Fig. 6b) , finally to generate the full grating in a few nanoseconds at high fluence E = 9.6 mJ cm-2 ( Fig. 6c) .
The basic representation of Fig. 3 enables us to obtain physical understanding of these evolutions in time and with energy. At low fluences few charges are photoexcited from deep levels during the 25-psec illumination. They diffuse to an extremely small degree before being trapped in shallow levels (TR, = 4 nsec). One thus observes two charge gratings with slightly different modulations, one in the shallow traps, and the other in the deep traps; the result is a small space-charge field. The charges are then released by thermal excitation (Tex = 200 nsec). Through successive re-excitations from and trappings in shallow levels they diffuse, reducing the modulation of this charge grating until final recombination in deep traps occurs. The ratio _IT/ex 2 X 103 gives an estimate of the number of thermal excitation-trapping processes in shallow levels. The steady-state photorefractive grating results from the space-charge field created by spatial redistribution of charges in the deep traps as in quasicontinuous excitations with low-power lasers. However, in the case of short-pulse excitation at extremely low energy, the buildup speed corresponds to the time required for reducing to nearly zero the modulation of the chargecarrier grating (coupled with shallow traps), and the grating strength may be smaller than the diffusion field. Increasing the fluence generates more and more carriers. Even if they still diffuse little before being trapped in shallow levels, the magnitude of the induced spacecharge field increases. The photorefractive grating is then partly or totally built up during the first nanoseconds. When the charges are released from shallow traps by thermal excitation, there is little or no more reduction of this charge-grating modulation as the diffusion process is balanced by drift in the induced field.
The theoretical analysis of the time evolution of the photorefractive grating was carried out by adding a single shallow level to the basic material equations of the usual band transport model. The mathematical development is given in Appendix B. The basic equations (rate, continuity, and current equations and Poisson's law) are linearized by using the assumption that the modulation of the illuminating fringe pattern is small enough to ensure sinusoidal variations of any spatially varying functions in the equations. A numerical integration of the material differential equations is performed with our experimental data deduced from the photocurrent and absorption experi- At 0.4 mJ cm-2 ( Fig. 8) , the fast contribution represents 2.5% only. Figure 8 shows that the slow buildup time (<2 sec) is comparable with that which we observe experimentally. The maximum space-charge field is equal to mED, the product of the diffusion field times the fringe modulation. The calculated dependence on fluence confirms the analysis presented above when we discussed the experiments.
Theoretical analysis also shows that, when the photorefractive grating is fully built during the first nanoseconds, there is a slow decay of the space-charge field as the shallow traps are emptied and carriers are recombined in deep levels. Indeed (see Appendix B), the recombination of the charge carriers in the bright fringes is more important than in the dark fringes. During recombination the equilibrium between diffusion and drift in the induced space-charge field is broken and is compensated for by a charge flow toward the bright fringes. This process reduces the space-charge field until complete recombination. This behavior exists also in the absence of shallow traps, as previously indicated. 18" 9 In previous studies with either nanosecond 6 or picosecond 8 pulses higher values of the mobility were derived (A > 3 cm 2 V-1 sec-', 50 cm 2 V-I sec-', respectively). This is because in these analysis it was assumed that the photorefractive grating was generated by total diffusion of the charge carriers in a few nanoseconds. We have shown here that this hypothesis is not required for an explanation of the buildup of the space-charge field to its maximum mED in few nanoseconds and that the correct value of the mobility is -0. This result must be compared with our measurement for this same sample in quasi-continuous experiments with low-power lasers. The analysis of the photorefractive grating decay time under uniform low-power illumination as a function of the magnitude of a static electric field gave us a diffusion length1
2 Lcw = (3.4 ± 0.7) m of the same order of magnitude. This will be discussed in Section 4.
Grating Efficiency
We also measure the efficiency of picosecond pulses in writing the grating. The diffracted signal of the reading continuous argon laser is taken when the steady-state regime is reached. For example, at E 5 mJ cm-2 , the measurement is made 50 /isec after the writing by the two picosecond pulses, that is, long after the steady state is reached. When the diffraction efficiency is defined as the ratio of the diffracted signal to the one transmitted by the BSO crystal, one obtains -q 6 x 10-4. A straightforward calculation, with the photoinduced space-charge field assumed to be equal to the diffusion field (fringe spacing A = 8 m, refractive index n 2.6, r 4 l 4 x 10-12 pm V-as is generally accepted), for a 2-mm-thick crystal yields -lth 2 x 10-6, which is more than one order of magnitude smaller than measured. Obviously the simultaneous recording of photorefractive and absorption gratings could lead to such an increase in diffraction efficiency. However, this seems unlikely because recent time-resolved experiments in a BGO crystal 2 0 showed that the induced absorption builds up in less than 1 nsec. No grating is seen on this time scale in our experiments. Nevertheless, to be fully convinced, we studied the kinetics of the induced absorption in our BSO crystal. The transmission of the sample is monitored by using a weak 25-psec pulse. Its fluence (-0.9 ,uJ cm-2 ) is low enough to introduce no change in the absorption. The 25-psec orL Time (sec) pump has a fluence of 9 mJ cm-2 . An optical delay is introduced on the probe-beam path for the analysis of the time evolution of the crystal transmission. The relative change in transmission AS/S is defined as the difference in the probe transmission without and with the pump divided by the probe transmission without the pump. At zero delay one measures AS/S -50%. For a delay smaller than 1 nsec, a nearly steady-state value of 30% is reached; it relaxes in about 10 msec. Consequently there is no contribution from an induced absorption grating in the diffracted signal analyzed above (Figs. 5 and 6 ). Indeed, first, we do not observe any signal when the induced absorption of the crystal varies and, second, the buildup of the grating happens when this induced absorption maintains a constant value. We do not yet explain this unexpected rise in diffraction efficiency. However, some reasons can be considered. It was recently shown, for example, that high-level illumination gives an unexpected increase, more than 200-fold, in the photoinduced refractive index change in LiNbO3.
2 ' One could also suspect the validity of using the clamped electro-optic coefficient on a nanosecond time scale. Further analysis must be developed for clarification of these phenomena.
COMPARISON WITH MEASUREMENTS IN THE CONTINUOUS REGIME
We must now raise the following questions: What do we measure in quasi-continuous experiments with low-power lasers? In particular, how can we compare the diffusion length measured by the analysis of the photorefractive decay time under uniform illumination" '51622 and the one deduced from picosecond experiments? What is the mobility-lifetime product to be used in moving-grating experiments 2 3 ? To what does the mobility measured in ac-field experiments 2 4 correspond? In this section we propose some answers to these questions.
The theoretical model of the photorefractive effect generated by low-power cw light beams, with the existence of a shallow level taken into account is presented in Appendix C. This analysis shows that for steady state nothing is changed by introducing this level for the density of free carriers and the photocurrent as well.
For the spatially modulated quantities, the amplitude n, of the free-carrier grating is much smaller than that (N,-) given by trapping in the shallow level. Indeed nj = NC-(TR 1 /Tex), where Te, the thermal excitation time, is much longer than the recombination time TR, in shallow traps. As a consequence the space-charge field results from two gratings of different strengths, corresponding to charge modulations in deep and shallow traps. The set of equations that describe the grating evolutions (charge gratings and space-charge field) is identical to that obtained in models without shallow levels (see Appendix C). It is interesting to note that a shallow level gives only a reduced apparent mobility ,' = .L(TRI/Tex) and a larger apparent recombination time T_ = TR 2 (Tex/TR,) that is the slow decay time of the photocurrent (see Subsection 3.A).
This analysis leads to an important result. The diffusion length measured by decay-time analysis of a photorefractive grating under uniform cw illumination2151622 or obtained by separately measuring the apparent mobility and recombination time in two-wave mixing with an ac field 24 is the same as that measured in picosecond experiments. Indeed,
2 .
This analysis also shows that the same order of magnitude must be found, whatever the shallow-level concentration. Changing this concentration will modify only ,' and X_ but not their product. This finding is illustrated by the results in Table 1 , where the apparent mobilities and recombination times have been determined for four different BGO crystals grown at the Universitg de Bordeaux, The apparent recombination time constants Ts, deduced from photocurrent experiments, are listed in column 3 of Table 1 . BGO 1 has been studied by the grating-decay-time analysis,1 2 which gives the diffusion length (column 4). A straightforward calculation leads to an estimate of the apparent mobility (column 2).
For BGO 2 to BGO 4, the apparent mobility was measured by studying the time oscillations of the photorefractive gain in two-wave mixing experiments. Indeed, when an ac electric field is applied parallel to the grating wave vector, the sudden change of sign at each half-period produces a drift of the charge grating. This drift creates a running charge grating, moving in the presence of the fixed ionic grating, that makes the space-charge field oscillate. This is easily visible in the intensity of the beam amplified by two-beam coupling experiments. A measurement of the oscillation frequency gives the apparent mobility. By looking at column 2 and 3, one first sees that the more heavily doped the sample, the longer the apparent recombination time constant and the smaller the apparent mobility. Inserting the mobility and time constant values into the diffusion length expression gives the values in column 4.
It is striking to see that the diffusion length varies quite little for samples with extremely different mobilities and recombination times. This result fully supports our analysis.
CONCLUSION
We described an extensive investigation of the formation of photorefractive gratings generated in BSO by picosecond pulses. The buildup starts after illumination. This is possible because the diffusion time is shorter than the recombination time in deep traps. At fluences larger than 5 mJ cm-2 the maximum steady-state efficiency is reached in less than 10 nsec. At lower fluences the grating first evolves rapidly (<10 nsec) and then slowly Shallow levels reduce the apparent mobility A' and increase the apparent recombination time . However, the /'7. product remains constant and equal to the product of actual mobility and recombination time for deep traps that are measured in picosecond studies. This explain the strong similarities from sample to sample in quasi-continuous experiments for which the important parameter is the diffusion length. This will not be the case in picosecond experiments for which crystals with few shallow traps permit a fast grating buildup even at low energy or for crystals with high concentrations of shallow traps that exhibit a slow rise of the photo-refractive effect.
In this study we limited ourselves to a single shallowtrap level. Extension to multilevel shallow traps will make the analysis more complicated but will not change the basic idea.
APPENDIX A Consider the basic representation of Fig. 4 (above) with one deep center of total concentration ND, partly ionized (ND'), and one shallow trap of total density N that becomes ionized (N-) when trapping electrons. Photoexcitation by a uniform 25-psec pulse at 532 nm generates electrons that can migrate in the conduction band. Constants 1 R, and 7 R 2 are the recombination times in shallow and deep traps, respectively, and ex is a characteristic time that represents thermal emission from shallow traps to the conduction band. With application of a constant electric field E 0 , the evolution of the electron density no in the conduction band is described by the following equations. For the point just after illumination ends, one obtains
where jo is the current density and NA is the density of compensating shallow acceptors that provide charge neutrality. is constant. Under these conditions the system of equations (A.1) leads to an equation that describes the carrier-density evolution, i.e., the photocurrent:
The general solution is no(t) = A exp(-t/t+) + B exp(-t/T)
The initial conditions, with No&(0) = 0, give A and B: Other photocurrent experiments conducted on intentionally doped samples revealed that an increase of shallow traps increases r and reduces r+. Consequently, these time constants are governed mainly by TR 
APPENDIX B
From the basic representation of Fig. 4 , the photorefractive effect generated by short pulses is described by writing the basic material equations (rate, continuity, and current equations and Poisson's law): 
They are linearized by using the assumption that the modulation is small enough to ensure sinusoidal variations of any spatially varying quantities. We use complex notation and develop all the variables in the form
with x the space coordinate along the k vector. For the zeroth order one has the set of equations (A. From the absorption measurement, a = 2.5 cm-'. From the parameter measurements in the quasi-continuous regime for this same crystal,1 2 NA = 0.8 X 1016 cm-3.
APPENDIX C
To describe the photorefractive effect induced by lowpower lasers, we start again with the basic equations (B. at atTe
The system of equations (C.1) is the usual one for a single deep level and one kind of charge carrier. The apparent mobility A' = L(TR/Tex) is weaker, corresponding to electrons moving in the shallow traps, while the apparent recombination time T = TR 2 (Tex/TRi) is larger. Note that it corresponds to the time constant of the slow component of the photocurrent generated with short pulses.
As 'T-= TR 2 , one of course expects the same value for the diffusion length, which is independent of shallow levels. Increasing the density of shallow traps will reduce ,' and increase T without changing the product.
